EF-hand Ca

2+
-binding proteins are thought to shape the spatiotemporal properties of cellular Ca 2+ signaling and are prominently expressed in sensory hair cells in the ear. Here, we combined genetic disruption of parvalbumin-α, calbindin-D28k, and calretinin in mice with patch-clamp recording, in vivo physiology, and mathematical modeling to study their role in Ca 2+ signaling, exocytosis, and sound encoding at the synapses of inner hair cells (IHCs). IHCs lacking all three proteins showed excessive exocytosis during prolonged depolarizations, despite enhanced Ca 2+ -dependent inactivation of their Ca 2+ current. Exocytosis of readily releasable vesicles remained unchanged, in accordance with the estimated tight spatial coupling of Ca 2+ channels and release sites (effective "coupling distance" of 17 nm). Substitution experiments with synthetic Ca 2+ chelators indicated the presence of endogenous Ca 2+ buffers equivalent to 1 mM synthetic Ca 2+ -binding sites, approximately half of them with kinetics as fast as 1,2-Bis(2-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid (BAPTA). Synaptic sound encoding was largely unaltered, suggesting that excess exocytosis occurs extrasynaptically. We conclude that EF-hand Ca 2+ buffers regulate presynaptic IHC function for metabolically efficient sound coding.
calcium buffers | exocytosis | calcium current | synapse | hair cell I ntracellular Ca 2+ signaling regulates a multitude of cellular processes. In sensory hair cells, Ca 2+ is crucial for electrical frequency tuning, afferent synaptic transmission, and efferent modulation (reviewed in ref. 1) . To separate these signaling pathways and maintain high temporal fidelity of neurotransmission, Ca 2+ signals must be temporally limited and spatially confined to the site of action. Cells typically achieve this by localizing Ca 2+ entry and by rapidly removing free Ca 2+ ions via binding to cytosolic "buffers" and finally Ca 2+ extrusion (2) (3) (4) . Of the various EF-hand Ca 2+ -binding proteins, some seem to function primarily as Ca 2+ -dependent signaling proteins (e.g., calmodulin and Ca 2+ -binding proteins 1-8, CaBP1-8), whereas others [parvalbumin-α (PVα), calbindin-D28k (CB), and calretinin (CR)] are thought to mainly serve as mobile Ca 2+ buffers. Hair cells of various species strongly express the Ca 2+ -binding proteins PV, CB, and, in some cases, CR. This possibly reflects the need for buffers with different biophysical properties to functionally isolate different Ca 2+ signaling mechanisms, which are spatially not well separated in these compact epithelial cells. Ca 2+ -binding proteins are particularly abundant in frog and chicken hair cells, which contain millimolar concentrations of parvalbumin-3 (5) as well as of CR (6, 7) . An immune-EM study in rats indicated hundreds of micromolar of proteinaceous Ca 2+ -binding sites in inner hair cells (IHCs) (8) . A patch-clamp study in gerbil IHCs reported endogenous buffers equivalent to approximately 0.4 mM 1,2-Bis(2-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid (BAPTA) (9) . Genetic deletion of the EF-hand Ca 2+ -binding proteins PVα, CB, and CR in mice has facilitated the analysis of their function (10-13; reviewed in ref. 14) , but the combined deletion of these proteins remains to be studied. IHCs provide an experimentally wellaccessible presynaptic preparation that uses all three. Here, we studied IHC function and hearing in mice lacking the three buffers Cr −/− IHCs, in which we also substituted the deleted endogenous buffers with the synthetic Ca 2+ chelators EGTA or BAPTA. Auditory systems function was probed by measuring otoacoustic emissions and auditory brainstem responses (ABRs) as well as by recordings from single spiral ganglion neurons (SGNs). We performed mathematical modeling to estimate concentrations of the endogenous mobile Ca 2+ buffers and to better understand how these proteins control exocytosis at IHC synapses. We conclude that the endogenous buffer capacity of IHCs is well approximated by 1 mM synthetic Ca 2+ -binding sites with different kinetics. A tight spatial coupling between Ca 2+ channels and sensors of exocytosis (Ca 2+ channel-exocytosis coupling) precludes interference of PVα, CB, and CR with fusion of the readily releasable pool of vesicles (RRP). Instead, we suggest that these buffers jointly regulate IHC presynaptic function by restricting neurotransmitter release to active zones (AZs).
Significance
Ca
2+ ions serve as a key cellular signal and are tightly controlled. One mechanism to limit free Ca 2+ ions is buffering by Ca 2+ -binding proteins, which are strongly expressed in sensory hair cells of the ear. Here we studied how genetic disruption of the Ca 2+ -binding proteins parvalbumin-α, calbindin-D28k, and calretinin affects exocytosis and sound encoding at the synapses of mouse inner hair cells (IHCs) and spiral ganglion neurons (SGNs). Mutant IHCs showed increased exocytosis, but the sound-evoked spiking activity in SGNs was unaltered. Together with mathematical modeling, this finding indicates that a large fraction of exocytosis in mutant IHCs occurred outside synapses. We conclude that Ca 2+ -binding proteins shape presynaptic Ca 2+ signals to restrict exocytosis to active zones, thus enabling metabolically efficient sound encoding.
Results
IHCs of Hearing Mice Express PVα, CB, and CR. Hair cells in various species show specific expression patterns of the EF-hand Ca 2+ -binding proteins PVα, parvalbumin-β (PVβ) (oncomodulin), CB, and CR (5, 7, 8, 15) , hereafter termed "mobile Ca 2+ buffers" so as not to ignore the presence of other Ca 2+ buffers such as ATP. We performed immunohistochemistry on apical organs of Corti of hearing C57BL/6 mice [postnatal day (P) [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] to characterize the expression of mobile Ca 2+ buffers in mouse cochlear hair cells (Fig. 1 ). In agreement with results obtained in rats (8) , we found mature mouse IHCs to express PVα, CB, and CR ( Fig.  1 A-C) , but not PVβ, which was strongly expressed in outer hair cells (OHCs) (Fig. 1D) . Parallel immunostaining of organs of Corti from age-matched Pv −/− Cb −/− Cr −/− mice confirmed the absence of these three mobile Ca 2+ buffers from all tissues (Fig.  1 E-G) but the persistent expression of PVβ in OHCs (Fig. 1H) . IHCs by patch-clamp recordings of Ca 2+ currents and exocytosis. We first examined the amplitude, voltage dependence, activation, and inactivation of the IHC Ca 2+ current that is largely mediated by Ca V 1.3 channels (16) (17) (18) . We used perforated-patch recordings to not interfere with the endogenous Ca 2+ buffering. We found a 20% increase of the initial Ca 2+ current, whereas its voltagedependence was unchanged ( Fig. 2A) . Ca 2+ -current kinetics were analyzed at the potential eliciting the peak Ca 2+ current (on average at −17 mV). The activation time constants were comparable between Pv IHCs corroborated the notion of a more pronounced inactivation (Fig. 2D ).
To address potential mechanisms underlying the increased Ca 2+ -current amplitude, we evaluated the number and morphological appearance of the ribbon synapses in IHCs after hearing onset (P15-P18). The presynaptic ribbon protein Ribeye/CtBP2 and the postsynaptic glutamate receptor GluA 2/3 were visualized by confocal microscopy of immunolabeled organs of Corti (19) . We found comparable numbers of ribbons (12.5 ± 0.9 and 13.9 ± 0.5; SI Appendix, Fig. S1 ), glutamate receptor clusters (12.5 ± 0.8 and 13.4 ± 1.1), as well as ribbon synapses (12.0 ± 0.9 and 12.6 ± 0.9 in six WT and five TKO organs of Corti, respectively). This argues against a potential up-regulation of synapse number as a cause for the increased Ca 2+ current. It also rules out an excitotoxic degradation of synapses that one might have expected from potentially enhanced glutamate release in the absence of the three Ca 2+ buffers. We then studied depolarization-induced exocytosis by using membrane capacitance (C m ) measurements, first in perforatedpatch experiments and second in ruptured-patch recordings from Pv −/− Cb −/− Cr −/− IHCs with varying concentrations of BAPTA or EGTA in the pipette solution. To probe for potential effects of Ca 2+ -buffer deficiency on exocytosis, cells were depolarized for different durations and C m was measured before and after depolarization (Fig. 3) . Interestingly, exocytosis upon short stimuli was not significantly altered ( Fig. 3 C and D) , a finding that can, according to our mathematical model, best be explained by tight Ca 2+ channel-exocytosis coupling (as detailed later). However, we found more exocytosis in the Pv A and E), parvalbumin-α (PVα; B and F), calretinin (CR; C and G), and parvalbumin-β (PVβ; D and H, all in green). An antibody against CtBP2 was used as a marker of presynaptic ribbons and cell nuclei (magenta, D and H). In all other panels, cell nuclei were stained with Hoechst 34580 (blue). IHC bodies of WT but not TKO organs of Corti are homogeneously stained for three Ca 2+ currents in response to 10-100-ms depolarizations to the peak Ca 2+ -current potential on an expanded time scale demonstrate that the kinetics of the activation were not different among TKO and WT IHCs (P = 0.13, Wilcoxon rank-sum test). Data were fitted with I(t) = I 0 + I max × (1 − e −t/τ ) p , whereby the power (p) was fixed to 2 in most cases. (C and D) Absolute (C) and normalized (D) Ca 2+ currents in response to 100-ms depolarizations to the peak Ca 2+ current potential. A stronger Ca 2+ -current inactivation was observed in the TKO IHCs. Slopes of the linear fits (1/s) are 1.0 ± 0.1 and 1.6 ± 0.2 for the Ca 2+ currents in WT (n = 16) and TKO (n = 14) IHCs, respectively (P = 0.02, Student t test).
Ca
2+
-current integrals (Fig. 3F) The Absence of PVα, CB, and CR Has Little Impact on Hearing. We first tested cochlear amplification by measuring distortion product otoacoustic emissions (DPOAEs), which were found to be intact in Pv Fig. 5 A and B) . We then investigated the synchronized neuronal signaling along the auditory pathway by measuring ABRs (Fig. 5 C and D) . Over the time course of the project, we encountered variable ABR phenotypes of Pv -current potential. The C m increase in response to 100-ms depolarization (ΔC m,100ms ) was significantly higher in TKO (gray, n = 24) compared with WT IHCs [black, n = 23; *P = 0.0003, Wilcoxon rank-sum test; § P = 0.06, Wilcoxon rank-sum test (C) and Student t test (D)]. Note larger Q Ca in TKO IHCs at short but not long depolarization (*P = 0.009 for 5 ms and P = 0.02 for 10-and 20-ms depolarization, Student t test). All responses are given as grand averages (calculated from the means of the individual cells) ± SEM. (D) ΔC m (Top) and Q Ca (Bottom) in response to short depolarizations evoking the exocytosis of the RRP displayed on an expanded time scale. (E) Ca 2+ -current amplitudes (I Ca ) were significantly increased in the TKO IHCs (*P < 0.0004, Student t test). (F) The Ca 2+ efficiency of exocytosis was higher in the TKO IHCs for long depolarizations (*P = 1.5 × 10 −10 for 100 ms and P = 0.007 for 200 ms de- ]. (H) Average ΔC m and Q Ca in response to 20-and 100-ms depolarizations recorded at room temperature (RT; black and dark gray) and high temperature (HT; close to physiological temperature, light gray and white) in WT (n = 4) and TKO (n = 5) IHCs. Note a two-to threefold increase in ΔC m responses upon increase in temperature in the IHCs of both genotypes. -binding sites in IHCs. (A) ΔC m and Q Ca in response to depolarization for 20 ms (probing the RRP) in WT and TKO IHCs using perforated-patch (black and light gray) and in KO IHCs using ruptured-patch configuration with different concentrations of the exogenously added synthetic Ca 2+ chelators BAPTA and EGTA (shades of gray). (B) Difference in the ΔC m and Q Ca in response to 100 and 20 ms (probing the sustained exocytosis). When testing the sustained component of exocytosis 0.5 mM of either buffer was insufficient in Ca 2+ buffering. On the contrary, 1 mM BAPTA (but not EGTA) significantly reduced the amount of RRP exocytosis (A). Asterisks denote significant difference vs. WT controls (P < 0.01, Student t test or Wilcoxon rank-sum test). From left to right, n = 18, n = 6, n = 5, n = 12, n = 10, n = 7, and n = 12 IHCs were analyzed.
Cr
−/− mice. In the majority of animals, there was no noticeable increase in the ABR thresholds for tone bursts at different frequencies or clicks in comparison with age-matched Pv (Fig. 5D ). We additionally tested hearing in mice deficient only in PVα and CB (Pv
). They did not show a significant hearing deficit as assessed by ABR (Fig. 5 C and D) , which is consistent with the majority of our Pv
Cr −/− data. Next, we studied sound encoding at the single SGN level. Consistent with their near normal population responses (Fig. 5) , the single fiber thresholds were comparable between Pv We then stimulated each SGN with 50-ms tone bursts at 30 dB above threshold at the characteristic frequency (CF) to study sound-driven spike rates at saturating sound pressure levels (Fig.  6C) . Like in previously published data (23) (24) (25) , all SGNs showed a high onset firing rate followed by adaptation to reach a lower, but still sizable, steady-state rate. We found no significant differences in the peak rates in SGNs of Pv (Fig. 6D ). Steadystate spike rates were comparable (SI Appendix, Fig. S2B ) or even slightly lower in Pv (Fig. 6 C and D) , in apparent contrast to the enhanced sustained exocytosis in IHCs (Fig. 3) , an unexpected observation that we investigated in more detail by mathematical modeling (as detailed later). Pv
Cr −/− SGNs also showed very good temporal precision of sound-onset coding (Fig. 6E) . Forward masking experiments (26, 27 ) revealed a normal extent of depletion of the RRP and unaltered replenishment kinetics (Fig. 6F) . In summary, the single SGN data agree with the notion of a largely unimpaired peripheral auditory function, including a normal temporal precision of sound encoding for transient and sustained stimuli (SI Appendix, Fig. S3 ). 
Cb
−/− and C57BL/6 mice. Apical coils of the organs of Corti were stained for the mitochondria by using the marker PNPase (29) and ribbons (CtBP2; Fig. 7 A and B) . Samples of both genotypes were processed identically and in parallel during immunohistochemistry and confocal imaging (Fig. 7C) . Cumulative PNPase immunofluorescence was analyzed in a total of 1,440 C57BL/6 and 1,260 Pv The thresholds of the TKO fibers (gray, n = 111) were comparable to WT controls (black, n = 37). (B) Spontaneous rate distributions in TKO mice (gray, n = 104) and control groups (black, n = 34). Higher spontaneous rates were observed in SGNs of the TKO animals. (C) Mean peristimulus time histograms (±SEM) plotting the instantaneous spiking rate in 1-ms time bins over the time course of stimulation with tone bursts at the CF of each SGN, 30 dB above threshold. The rates and the time course of adaptation were similar in TKO (gray, n = 87) and WT SGNs (black, n = 35). (D) The analysis of the peak rates (rate in largest 1-ms bin) vs. the steady-state spike rates (averaged over 10 ms from 35 ms after stimulus onset) shows comparable rates between TKO SGNs (gray) and WT controls (black). (E) The variance of the first spike latency was similar between fibers from TKO mice and WT controls. (F) Recovery from adaptation probed by a forward-masking paradigm (Inset): maximal masking and the time course of recovery were similar for TKO (gray, n = 35) and WT controls (black, n = 8). Stimuli were applied at CF, 30 dB above threshold. Fig. S5C ). By using these parameters and assuming that all sustained IHC exocytosis occurs synaptically, i.e., drives spiking in the postsynaptic SGNs, the spike rates predicted for Pv −/− Cb −/− Cr −/− SGNs substantially exceeded the experimentally observed ones (Fig. 8B) . The discrepancy persisted even when assuming unrealistically long refractory periods (SI Appendix, Fig. S5D ). This indicates that a large fraction of the increased sustained exocytosis in the Pv −/− Cb −/− Cr −/− IHCs occurs at extrasynaptic (i.e., ectopic) locations, and is ineffective in driving SGNs. Indeed, membrane-proximal vesicles outside the AZ are observed in hair cells (34, 35) (Fig. 8C) . We then estimated what fraction of the excess sustained exocytosis in Pv
Cr −/− IHCs could be synaptic (Fig. 8D ). Only when this fraction was set at less than 10% did the difference between the computed and experimentally observed spike rates fall within the uncertainty range of the experimental data. Therefore, we conclude that only a minor part of the excess sustained exocytosis, if any, reflects enhanced vesicle replenishment caused by stronger Ca 2+ signaling in the absence of mobile Ca 2+ buffers. 
Cr
+/+ IHCs (15 pA). Near a 1-nm hemispherical source, a similar level of buffer depletion was obtained for an i Ca of 7 pA (SI Appendix, section 7.3). Even for this extreme scenario, partial buffer depletion resulted in only a slight rightward shift of the discrepancy curves ( Fig. 9C) with an R c of 17 nm for an m of 1.7. We used bootstrapping to estimate the confidence range of the R c estimate for i Ca of 7 pA, which is affected by the estimation errors of m and ΔC m . The 5-95 percentile range spanned from 8 to 30 nm (Fig. 9C, Inset) .
In our previous work, we introduced some possible IHC presynaptic AZ arrangements (36). In spatially resolved simulations with two of these AZ topographies that correspond to the "nanodomain-coupling" regimen ( Fig. 9B) ] profiles with 0.5 and 1 mM BAPTA and the best approximation of these [Ca 2+ ] profiles in the presence of the endogenous Ca 2+ buffers CB, CR, and PVα. The spatial [Ca 2+ ] profiles with 0.5 and 1 mM BAPTA were fitted 20 and 100 ms after stimulus onset, respectively. Solving the model with concentrations of endogenous mobile Ca 2+ buffers (0.5 mM Ca 2+ -binding sites in total) as estimated in rat IHCs by using quantitative immunogold EM (8) showed that these concentrations would be considerably less efficient than 0.5 mM BAPTA. According to our model, the concentration of Ca 2+ -binding sites equivalent to 0.5-1 mM BAPTA is between 3.2 and 5.2 mM for CB, between 7.5 and 13.5 mM for CR, and between 1.8 and 4.2 mM for PVα when each buffer is considered separately (Fig. 9D) . We note that, to convert these concentrations of Ca 2+ -binding sites into equivalent protein concentrations, the values have to be divided by 4, 5, and 2 for CB, CR, and PV, respectively; thus, 0.5 mM BAPTA would correspond to 0.8, 1.5, and 0.9 mM of the three buffers. These values are consistent with previous estimates of EF-hand buffer concentrations in neurons (39-41) and hair cells (7) . PVα alone could not fully reproduce the spatial [Ca 2+ ] profiles predicted for 0.5 or 1 mM BAPTA over distances longer than 100 nm. However, it is likely that, at low concentrations, it acts together with higher amounts of CB and CR to shape the [Ca 2+ ] signal at the IHC synapses. As shown in ] −buff. , caused by particular intracellular buffers during Ca 2+ influx (i Ca = 7 pA). Black lines show ratios of the Ca 2+ profiles in the presence and absence of 0.5 mM and 1 mM BAPTA, gray lines in the presence and absence of endogenous buffers with concentrations as reported previously (8) in P16 rat IHCs (solid and dashed lines correspond to [Ca 2+ ] spatial profiles at t = 20 ms and t = 100 ms, respectively ] calculated for times between 20 ms and 100 ms after stimulus application. As shown in SI Appendix, Fig. S10 (solid lines), the upper bound estimates were not considerably different at intermediate times for CB and PV (by ∼20% higher at t = 20 ms than at t = 100 ms). For CR, the difference in the estimated Ca 2+ -binding site concentrations was significant, being 50% higher at t = 20 ms than at t = 100 ms. In summary, our results suggest that the concentrations of endogenous buffers in IHCs are (approximately one order) higher than those obtained from immunogold counts (8) or the k on rates of the buffers in situ (i.e., inside cells) are considerably higher than currently assumed (SI Appendix, section 7.1).
Discussion
In the present study we addressed the role of Ca 2+ buffering EFhand Ca 2+ -binding proteins in the presynaptic function of IHCs. By using KO mice lacking PVα, CB, and CR, we indicate that mobile Ca 2+ buffers shape IHC synaptic Ca 2+ current by decreasing its amplitude and attenuating inactivation. Independent of their regulation of Ca 2+ channels, they constrain transmitter release to AZs, ensuring efficient presynaptic function. By using exocytosis as readout together with mathematical modeling, we provide quantitative functional estimates for the concentration of the endogenous Ca 2+ buffers in IHCs. Furthermore, we estimated the effective coupling distance between the Ca 2+ channels and sensors for exocytosis in IHCs to be very short (mean value of R c = 17 nm). Surprisingly, sound encoding and hearing were largely intact upon disruption of the three Ca 2+ buffers. This can be explained by "Ca 2+ nanodomain control" of exocytosis, minimizing the impact of buffers on stimulus-secretion coupling at AZs. We found that the length constants of Ca 2+ buffering, defined by Ca 2+ -binding kinetics, diffusion coefficients, and concentrations of the three Ca 2+ buffers, are large relative to the effective Ca 2+ channel-Ca 2+ sensor coupling distance. Consequently, exocytosis of the RRP, triggered by short depolarization pulses (<20 ms), was not noticeably affected by the three Ca 2+ buffers. During longer depolarizations (≥20 ms), they reduced exocytosis in IHCs primarily by limiting Ca 2+ spread from the AZ to ectopic release sites (Fig. 3C ). In the substitution experiments, 1 mM BAPTA or EGTA reduced sustained exocytosis in Pv Sound encoding during continued stimulation was not significantly altered despite increased sustained IHC exocytosis. Mathematical modeling indicated that this discrepancy reflects extrasynaptic exocytosis of vesicles that contributes less efficiently to sound coding, if at all. Alternative explanations such as refractoriness ( Fig. 8B and SI Appendix, Fig. S5D ) and increased AMPA desensitization (49) seem unlikely. A supralinear rise of exocytosis during prolonged stimulation was reported for turtle hair cells and interpreted as Ca 2+ -dependent vesicle replenishment (60), but the relation to sound encoding remained to be elucidated, and a contribution of extrasynaptic exocytosis could not be ruled out.
Release away from the ribbon-type AZ has previously been observed in retinal bipolar cells (61, 62), where it is physiologically relevant for communication of bipolar cells to AII amacrine cells (62). The results of our study suggest that such extrasynaptic exocytosis of IHCs has little influence on the postsynaptic SGN spiking. Together with previous studies demonstrating a good correlation between the presynaptic release rate and postsynaptic spiking in WT and bassoon mutant animals (24) , it further suggests little or no ectopic release in the presence of endogenous Ca 2+ buffers. We conclude that the properties of the endogenous buffer Ca 2+ binding and their diffusion kinetics allow for a metabolically efficient control of the Ca 2+ -dependent sound encoding. ) with the most similar background to TKO mice (mixed background of C57BL/6 and 129/OlaHsd). These animals originated from a previous heterozygote (Pv
) breeding. All experiments were done in compliance with the national animal care guidelines and were approved by the board for animal welfare of the University Medical Center Goettingen, the animal welfare office of the state of Lower Saxony, and the institutional animal care and use committee of the Massachusetts Eye and Ear Infirmary.
Immunohistochemistry and Confocal Microscopy. Immunohistochemistry was performed as described previously (19) . To analyze the abundance of mitochondria, we fixed organs of Corti in methanol at −20°C for 20 min and double-stained hair cells for PNPase (mitochondria marker) (29) and CtBP2 (19) (to identify ribbons). In all other cases, organs were fixed with 4% (wt/vol) formaldehyde for 10-60 min on ice. The following antibodies were used: mouse IgG1 anti-CtBP2 (1:200; BD Biosciences), rabbit anti-GluR2/3 (1:200; Chemicon), mouse anti-calbindin-D28k, mouse anti-calretinin, mouse antiparvalbumin-α, rabbit anti-oncomodulin (anti-parvalbumin-β; all 1:500; Swant), rabbit anti-PNPase (1:500; Proteintech), rabbit VGlut3 (1:500; Abcam), mouse 5F10 (pan-PMCA marker, 1:200; Abcam) and secondary Alexa Fluor 488-and Alexa Fluor 568-labeled antibodies (1:200; Molecular Probes). In some instances, nuclei were stained with Hoechst 34580 (1:1,000; Molecular Probes). Confocal images were acquired by using a laser-scanning confocal microscope (TCS SP2; Leica Microsystems) with 488-nm (Ar) and 561-nm (He-Ne) lasers and a 63× oil immersion objective. z-axis stacks of 2D images were taken with a step size of 0.5 μm. Z-projections were done in ImageJ (National Institutes of Health). The ribeye/ CtBP2 and GluR2/3 immunofluorescence spots were counted in the z-stacks and divided by the number of IHCs. Juxtaposed spots of pre-and postsynaptic immunofluorescence were taken to identify intact IHC ribbon synapses. To assess the perisynaptic abundance of mitochondria, we measured the cumulative PNPase immunofluorescence intensity within a circle with a radius of 0.5 μm around the center of mass of the ribbon (CtBP2 immunofluorescence) in confocal sections of IHCs by using a custom-written MATLAB routine. currents, data were fitted with the following function:
In most cases, data could be well fitted with the parameter power (p) fixed to 2, or else p was set as a free parameter. Mean ΔC m and Ca 2+ current estimates present grand averages calculated from the mean estimates of individual IHCs. All results are expressed as mean ± SEM. Data were tested for randomness, normality (Jarque-Bera test), and equality of variances (F-test) and compared for statistical significance by using a Student t test (in case of normal distribution and equal variance of both samples) or Wilcoxon rank-sum test.
Mathematical Modeling. Mathematical modeling was done by using MATLAB R2012b (Mathworks). Conversion of neurotransmitter release to spikes. The release rate was inferred from exocytic ΔC m estimates of IHCs (at room temperature). In the model, the SGN generates a spike in response to each release event unless it is in the refractory state, which lasts for a period of t A + t R (t A is the absolute refractory period, t R the relative refractory period; Fig. 9A ). Although t A was fixed for a particular SGN, t R was a random number drawn from a monoexponential distribution with a mean value τ R . The stationary spike rate (R sp ∞ ) is related to the release rate (R r ∞ ) and the refractory period in the following way (32):
. Given that changes in the sustained release rate (between 50 and 200 ms; Fig. 9B ) are slow in comparison with the duration of the refractory period, we applied the adiabatic approximation:
. To estimate the release rate R r (t), the experimental ΔC m (t) values were first converted to the number of released synaptic vesicles, N(t): N(t) = sc·ΔC m (t)/(C sv ·N syn ). Here, a C sv of 44.5 aF was taken as average ΔC m upon fusion of single synaptic vesicle (70), the N syn of 12 is the number of synapses per IHC as obtained from immunohistochemistry (Fig. 2) . sc ≤ 1 is a scaling coefficient to account for differences between in vitro (patch-clamp) and in vivo (single unit recordings) conditions [such as the amplitude of stimulusevoked IHC depolarization, temperature, ion homeostasis (e.g., [Ca 2+ ] e ), and/or the case that a single release event may correspond to release of a few synaptic vesicles] (70, 71). Next, N(t) was fitted by A·t + B·(1 − e -t/τ ) n for the Pv Fig. S2A ). Finally, the release rate R r (t) was obtained by calculating the time derivative of N(t). Refractory periods. We collected experimental cumulative interspike intervals corresponding to the sustained part of PSTH (30-50-ms interval; Fig. 6C ). The parameter t A was estimated as the interspike interval smaller than 99.5% of the remaining interspike intervals in the sample from the SGN under consideration. To estimate τ R , the cumulative interspike interval distribution excluding the 0.5% smallest interspike intervals was fitted for each SGN with the expression (which applies for the model formulated earlier):
where τ s is experimental estimate of the mean interspike interval. The fitting was done by minimizing the relative discrepancy between the model and the experimental cumulative distributions
values between 0 and 0.9 (SI Appendix, Fig. S5 A and B) .
Concentrations of the endogenous Ca 2+ buffers and effective coupling distance between presynaptic Ca 2+ channels and Ca 2+ sensors of exocytosis. Buffer concentrations and the effective Ca 2+ channel-exocytosis coupling distance (i.e., R c ) were estimated by using a hemispherical Ca 2+ source model (Fig. 9A) . A hemispherical Ca 2+ source with 1-nm radius was embedded in a hemispherical volume with 2-μm radius, which corresponds to the mean distance between neighboring synapses in IHCs (72). The simulation volume was filled with 2 mM MgATP and the chosen concentrations of BAPTA, EGTA, or endogenous buffers. Initially, the system was in a steady state with uniform distribution of Ca 2+ , Mg 2+ , and buffers. The boundary of the simulation volume was assumed to be reflective for all considered particle species. This effectively mimics the effect of Ca 2+ coming from the neighboring synapses and also fixes the amount of buffers available per synapse. On the contrary, pure reflection of Ca 2+ from the boundary ignores Ca 2+ removal by the pumps and through exchange with the remaining volume of the IHC, which is considerably larger (2.2 pL) (73) than the volume of 12 hemispheres of 2 μm each (∼0.02 pL). It is shown in SI Appendix, section 7.6, however, that these effects do not considerably influence our results. Ca 2+ concentration at time t and distance r from the source, [Ca 2+ ](t,r), is governed by a system of reactiondiffusion equations as described in SI Appendix, section 7.1.
We assumed that the amount of release in a 20-ms time window was proportional to ( ](r) in simulations was essentially stationary (apart from the initial equilibration of the profile, which, however, is very fast; SI Appendix, section 7.2).
To find R c based on the experimental data, we minimized the mean relative deviation of the ratios of modeled and experimentally observed release during the first 20 ms in different Ca 2+ buffering conditions:
Here, a j = ΔC m,0 /ΔC m,j is the ratio of ΔC m values estimated in TKO IHCs (at room temperature) with 1 mM BAPTA (ΔC m,0 ) and 1 mM EGTA (j = 1), 0.5 mM BAPTA (j = 2), 0.5 mM EGTA (j = 3), or no exogenous buffer (j = 4). b j = ] at a particular release site and the more that release site contributes to the overall neurotransmitter release at the AZ, the more the distance between the channel and the corresponding Ca 2+ sensor of exocytosis weighs in determining the R c . The fitting procedure for endogenous buffer concentration estimation was based on minimization of a relative discrepancy measure of the form Figures 7 -11 (formed by modulating a continuous sine wave at CF by a half-wave rectified sinusoid) was assessed at several stimulus intensities and modulation frequencies to determine the maximal synchronization index. (B) Maximal synchronization at 500 Hz was comparable between tko (grey, n = 49) and wt SGNs (black, n = 11) in spite of the tendency towards higher spontaneous rates in tko. (C) The steepness of spike rate increase with tone burst intensities was unchanged between tko (grey, n = 64) and wt (black, n = 22) SGNs. (D) The dynamic range of sound encoding (range of intensities over which the spike rate increases), which co-varies with spontaneous spiking rate, was similar among genotypes. the fitting parameter τ R . As it follows from the expression of P M (t) given in Methods, the discrepancy measure has two equivalent minimum points. We found, however, that, in most of the cases considered, the minimum point corresponding to the larger of the two values of τ R resulted in release rate estimates considerably higher than those based on the capacitance increment recordings from wt IHCs. We thus selected the smaller of the two τ R estimates, which always gave reasonable release rate estimates. In a few cases, when both estimates of τ R resulted in reasonable release rates, the difference between Figures 
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In this section, we provide additional information on modeling Ca 2+ dynamics in the framework of a single Ca 2+ source model formulated in Methods.
Reaction-Diffusion equations for [Ca 2+ ] dynamics
In the presence of one of the mobile exogenous buffers, BAPTA or EGTA, the dynamics of [Ca 2+ ] and concentrations of the mobile Ca 2+ buffers following the onset of Ca 2+ influx at t = 0 were modeled by the following closed system of reaction-diffusion equations:
. . . is the radial component of the Laplace operator. Note that concentrations of free buffer molecules at any point of space and time were determined by the difference between the total and Mg 2+ -bound and/or Ca 2+ -bound buffer concentrations. The total buffer concentrations were constant in space and time. This applies whenever Ca 2+ -bound and Mg 2+ -bound molecules have the same diffusion coefficients as the corresponding free buffer molecules, the total buffer concentrations are distributed uniformly within the simulation volume at t = 0 (as it was assumed in our model), and boundary conditions formulated in the next paragraph are used (see (3)).
In the case of the original model, the boundary conditions read as
here, X -Mg 2+ or one of the Ca 2+ or Mg 2+ bound buffer molecules, F -Faraday constant, H(t) -Heaviside step function. In the case of the modified version of the original model considered in section 7.6, the boundary conditions read as 
Here, B 0 stands for ATP, B 
.
The diffusion coefficients were set to 0. ](r, t = 0), was set to 50 nM (11).
The above systems of partial differential equations were solved numerically in MATLAB using built-in PDE solver pdepe. In the case of a real presynaptic active zone, a 15 pA influx of Ca 2+ ions (a finding of our present work) is spread over an area of the cellular membrane which is considerably larger than the surface area of a r 0 = 1 nm hemispherical source. Thus, the absolute levels of [Ca 2+ ] at small distances from the source were overestimated in our model 3 . This overestimation could result in a decreased effect of the accumulated bulk Ca 2+ on [Ca 2+ ] in the proximity of the source during prolonged depolarizations.
Temporal evolution of [Ca
To examine this, we repeated the calculations with a r 0 = 70 nm radius hemispherical source. The surface area of this larger hemisphere approximately matched the area of the presynaptic density at IHC synapses (420 × 80 nm 2 , (2)). We found that, although the influence of the accumulated Ca 1 "Onset of stimulus" and "onset of Ca 2+ influx" are used as synonyms in sections 6.1 -6.6. 2 Similar effects were also found when 2 mM MgATP + 1 mM BAPTA or 2 mM MgATP + (0. 
Extent of Ca 2+ buffer depletion due to Ca 2+ influx
To find the value of i Ca which results in a similar extent of Ca 2+ buffer depletion for a r 0 = 1 nm hemispherical source as at the presynaptic active zone, we varied levels of i Ca and compared the resulting Ca 2+ buffer concentrations with the ones corresponding to a r 0 = 70 nm source 4 with i Ca = 15 pA. Fig. S8 shows the ratios of increments of the Ca 2+ -bound buffer concentrations due to onset of Ca 2+ influx through the r 0 = 1 nm and r 0 = 70 nm hemispherical sources as functions of the distance from the edge of the sources. In the case shown here, Ca 2+ influx was set to 15pA for the r 0 = 70 nm source and 7pA for the r 0 = 1 nm source. The concentrations were estimated 20 ms after onset of Ca 2+ influx. The simulation volume was a hemisphere of 2 μm radius with reflecting boundary conditions. The total concentrations of exogenous buffers BAPTA and EGTA, each of them considered separately, were set to either 0.5 mM or 1 mM. Moreover, in all considered cases, a total of 2 mM ATP was included. As can be seen from the plots, the ratios of the amounts of depleted buffers, BAPTA + ATP or EGTA + ATP, were around 1 or higher for the distances considered. This indicates that the r 0 = 1 nm source with i Ca = 7 pA resulted in a similar extent of Ca 2+ buffer depletion as the r 0 = 70 nm source with i Ca = 15 pA over distances 0 to 50 nm from the Ca 2+ source. . i Ca values ranging from 0.3 pA to 7 pA were considered. The radius of the hemispherical source was set to 1 nm. The radius of the simulation volume hemisphere was 2 μm. The boundary was reflective for all ions and molecules considered. Fig. S9A shows the dependence of the exponent q on the distance from the source, r, for the three aforementioned Ca 2+ buffering conditions. q values were only slightly smaller than 1, thus the [Ca 2+ ] vs. i Ca relation was only slightly supralinear.
Influence of the partial buffer depletion on the [Ca
When concentrations of BAPTA and EGTA were increased from 0.5 mM to 1 mM, q(r) shifted slightly towards 1. Note
. To take into account the effect of partial buffer depletion on the estimate of the effective coupling distance between presynaptic Ca 2+ channels and Ca 2+ sensors of exocytosis for i Ca = 7 pA, we used q(r) profiles corresponding to 0.5 mM BAPTA +2 mM MgATP buffering conditions, which roughly approximates the natural Ca 2+ buffering conditions in IHC as shown in our present work. We used q(r) ≡ 1 for estimating the coupling distance for weak [Ca 2+ ] influx (i Ca = 0.3 pA).
Effect of accumulated bulk Ca
2+ during prolonged stimulation on the model predictions of concentrations of the endogenous Ca 2+ buffers
The upper bounds for concentrations of the endogenous Ca 2+ buffers shown in Fig. 9C were estimated by probing [Ca 2+ ] at t = 100 ms after stimulus onset. It was shown in section 7.2 (see Fig. S7A-B) that the effect of the accumulated Ca 2+ on [Ca 2+ ] increased with time after stimulus onset from negligible at t = 20 ms to significant at t = 100 ms. This could affect the estimates of the upper bounds for the concentrations of the endogenous Ca 2+ buffers, which were determined by matching the spa- Dashed lines in Fig. S10 show dependencies of the estimates of the Ca 2+ -binding site concentrations on the moment when [Ca 2+ ] was probed after onset of i Ca of 15 pA. The results were essentially the same as with i Ca = 7 pA for calbindin-D28k and parvalbumin-α. However, the concentration estimates were decreased by ∼ 7 mM for calretinin.
Influence of the type of boundary conditions on the estimates of the endogenous buffer concentrations and the coupling distance R c
The original model of [Ca 2+ ] dynamics presented in this work assumed a hemispherical simulation volume with 2 μm radius. The boundaries of the simulation volume were set to be reflective to all molecules and ions considered. The choice of the radius of the simulation volume was based on the finding that the presynaptic active zones of inner hair cells are separated by 2 μm on average (12) . The reflecting boundary condition set at the hemispherical boundary of the simulation volume was meant to effectively take into account accumulation of Ca 2+ due to Ca 2+ channels from the synapse under consideration as well as Ca 2+ channels from neighboring synapses. On the other hand, such a boundary condition could lead to an overestimation of the [Ca 2+ ] because it does not take into account removal of Ca 2+ ions
and Ca 2+ -bound buffer molecules from the neighborhood of the presynaptic site due to exchange of the molecules with the large non-synaptic part of the IHC volume. Indeed, 12 hemispheres with 2 μm radius correspond to only one percent of hair cell volume (2.2 · 10 −15 m −3 , (13)) on average. The purely reflective boundary at the base of the simulation volume ignores Ca 2+ removal by Ca 2+ pumps. To check how the choice of the boundary conditions affected our estimates of the endogenous buffer concentrations and the coupling distance between presynaptic Ca 2+ channels and Ca 2+ sensors of exocytosis, we performed equivalent simulations with different boundary conditions. Specifically, we fixed concentrations of all considered molecules and ions at the hemispherical boundary of the simulation volume to their resting levels, i.e., levels before the onset of Ca 2+ influx. The base of the hemisphere was chosen to be reflecting as in the original model. The radius of the hemispherical simulation volume, R, was set to either 2 μm or 4 μm. Such boundary conditions can be treated as overestimating the intensity of Ca 2+ removal from the neighborhood of the presynaptic active zones. Fig. S11A-B at the distance r from the source, estimated by using the "resting-level" boundary conditions introduced in the previous paragraph (see also section 7.1). Solid (dashed) lines correspond to [Ca 2+ ] * estimated using a R = 2 μm (R = 4 μm) simulation volume. Fig. S11A-B) . This similarity can be explained by the fact that, in the first 20 ms after onset of Ca 2+ influx, the processes of Ca 2+ diffusion and binding to the buffers were confined to a small volume, which was far away from the hemispherical surface of the simulation volume. These results suggest that the estimate of R c is rather insensitive to the precise choice of boundary conditions, given that the radius of the simulation volume, R, is ≥ 2 μm. This idea is corroborated by the observation that dependencies of the discrepancy measure z on the effective distance between the Ca 2+ source and Ca 2+ sensors of exocytosis shown in Fig. S11C were strikingly similar to the equivalent plots shown in Fig. 9B . Estimates of the effective concentrations of the endogenous buffer Ca 2+ binding sites did not strongly depend on which of the boundary conditions were used either (compare Fig. S11D with corresponding to either calretinin (magenta), calbindin-D28k (blue) or parvalbumin-α (green). Figure 12 ) (14 -17) ). Intuitively, the coupling distance, which we denote by R c , estimated in the framework of that model reflects the proximity between the Ca 2+ channels and the vesicular release sites within the active zone. However, how R c is quantitatively related to the parameters which define the spatial arrangement of presynaptic Ca 2+ channels and vesicular release sites, as well as the kinetic parameters which define the Ca 2+ dynamics, has not been analyzed before.
Defining and Evaluating the Effective Coupling Distance R c (Including Supplementary
In this section we provide a mathematical analysis for understanding the physical meaning of R c . This analysis unravels that R c , in general, is a complicated, nonlinear average of the physical distances between the presynaptic Ca 2+ channels and Ca 2+ sensors of exocytosis. The main advantage of the single Ca 2+ source model compared to spatially resolved models is that it produces a single output, R c , which embodies the essence of all possible active zone topographies which are compatible with the experimental data. However, as we explain later in this section, the model also has a disadvantage that the exact value of R c depends not only on the structural but also on the kinetic parameters of the system, such as Ca 2+ cooperativity of exocytosis or Ca 2+ binding kinetics of intracellular Ca 2+ buffers. Thus, to avoid misinterpretations of R c , care has to be taken when designing the experiments. In this section, we also provide results of spatially resolved models of IHC presynaptic active zones introduced previously (see (2) ). We show that active zone topographies suggested as corresponding to the "Ca 2+ nanodomain coupling" regime in (2) are compatible with the R c estimate determined in our present work.
8.1
Active zones with 1 vesicular release site and N Ca 2+ channels, no
Ca
2+ buffers
First of all, let us consider a presynaptic active zone which contains N Ca 2+ channels and one vesicular release site (see Fig. S12A ). We assume that no Ca 2+ buffers are present in the cytoplasm and that Ca 2+ diffuses freely above the reflective cellular membrane. In this case, a particular channel i results in an increment of [Ca 2+ ], which, averaged over time in steady state at fixed membrane potential, is inversely proportional to the distance from the mouth of that channel 5 (3):
5 For the sake of mathematical tractability, here and further on in sections 8. 
Thus, R c is a weighted average of distances from all the channels to the Ca 
L
Ca to the distance from that channel to the sensor. Note that the choice I Ca = N · i Ca is derived from the requirement that R c = R i when R i = R j for any i and j, i.e., when all the channels are equidistant to the Ca 2+ sensor. 6 Here and further on, we assume that the exocytosis rate depends on [Ca 2+ ] at a particular point associated with the vesicular release site which we will call "Ca 2+ sensor". "Ca 2+ concentration at a vesicular release site" and "Ca 2+ concentration at a Ca 2+ sensor of exocytosis" are used as synonyms in sections 8. [3] where [4] can be written in the following way:
Thus, in this case, R c can be interpreted as a nonlinear average, which we denote by R It follows from equation [5] This statement follows from equation [3] , see also (3) . Thus, if a fraction of the channels is sufficiently close to the Ca 2+ sensor, while the remaining channels are sufficiently far away from the Ca Table S1 . 
equation [6] can be rewritten in the following way:
Here, subscript 12 stands for the two buffering conditions "1" and "2" used to estimate R On the other hand, this approach has one disadvantage, which always has to be kept in mind when interpreting estimates of R c based on the experimental data. The disadvantage is that it is necessary to measure the release in at least two different Ca 2+ buffering conditions, only one of which can be the natural one. Thus, an estimate of R c achieved by using this approach depends not only on the intrinsic properties of the system being studied, but also on how we choose to study the system. It follows from equation [3] that, when the buffering length constant λ is decreased (by increasing concentration of the buffer, for example), the contribution of a particular channel to 12 were estimated for each active zone scenario as averages over separate vesicular release sites within a particular realization of the active zone and over 100 realizations of that active zone scenario. The results are summarized in Table S2 .
We found that, as in the case of the simplified active zone model considered before, inequality R [2] and [5] ).
"1" 1 mM BAPTA "1" 1 mM BAPTA "1" 1 mM BAPTA "1" 1 mM BAPTA "2" 0.5 mM BAPTA "2" 0.5 mM EGTA "2" 1 mM EGTA "2" - Table S2 smallest for scenario M3 (the most tight coupling), and the largest for scenario M1 (the least tight coupling) at any buffering conditions considered. 
Equation [8] is a generalization of equation [5] for active zones with an arbitrary number of vesicular release sites. R c defined by equation [8] can be interpreted as a nonlinear, implicitly weighted average of distances between a particular channel and a particular Ca 2+ sensor of exocytosis over all possible If all vesicular release sites are equivalent in the sense of how the Ca 2+ channels are positioned in regards of them, i.e., if R j,i = R j ,i ≡ R i for any j, j , and i, the effective coupling distance for the whole active zone is equal to the effective coupling distance for one of the vesicular release sites. Indeed, if that condition is met, equation [8] reduces to equation [5] . Equation [8] reduces to R c = R i,j when R i,j = R i ,j for arbitrary i, i , j, and j . i.e., when all the Ca 2+ channels are at the same distance from all the Ca 2+ sensors. In this case, R c is equal to the physical distance between any of those Ca 2+ channels and any of those Ca 2+ sensors of exocytosis at the active zone. If Δ rel.,j depends on [Ca 2+ ] j linearly, i.e., if f (x) = a · x + b, the effective coupling distance R c is equal to the effective coupling distance of the "average vesicular release site" within the active zone:
When dependence of Δ rel.,j on [Ca 2+ ] j follows a power law, i.e., when f (x) = k · x m , and no Ca 2+ buffers are present in the presynaptic solution, i.e., when δ [Ca 2+ ] j,i is described by [1] , [8] and f (x) = k · x m , the equivalent of equation [8] reads as
Ca, 12 , [11] where g 1 (R j,i ) and g 2 (R j,i ) are dependencies of [Ca 2+ ] j,i on R j,i in Ca 2+ buffering conditions "1" and "2" respectively, g 12 (x) = g 1 (x)/g 2 (x). Taking into account the results from section 8.3, it is tempting to hypothesize that R N * ,m Ca,12 could be an upper and a lower bound for R
L,m
Ca,1 and R
Ca,2 , respectively, and could be rather well approximated by the average of the later two. We checked this idea with the realistic active zone topographies considered in section 8.3 and shown in Fig. S12B-D. The results of our simulations for m = 1.7, the experimentally predicted value of the apparent Ca 2+ cooperativity of exocytosis (see Fig. S6 ), are summarized in Table S2 16 . Thus, all the conclusions and comments made at the end of section 8.3 in the context of an active zone with a single vesicular release site, are valid for R c estimated for scenarios M1, M2, and M3 with all vesicular release sites within an active zone considered collectively. 15 As it was done in our study. 16 We also considered higher m values. As mentioned before, R c estimates are smaller for larger m. However, for active zone topographies scenarios M2 and M3, m = 5 resulted in estimates of R
N * ,m
Ca,12 only < 1 nm smaller than those for "1" 1 mM BAPTA "1" 1 mM BAPTA "1" 1 mM BAPTA "1" 1 mM BAPTA "2" 0.5 mM BAPTA "2" 0.5 mM EGTA "2" 1 mM EGTA 
Influence of the Ca 2+ channel opening-closing dynamics on R c estimate
All considerations related to R c in sections 8.1-8.4 were based on the assumption that exocytosis rate at any vesicular release site is a well defined function of the time-averaged stationary Ca 2+ concentration at that vesicular release site. In our experiments, cumulative release was measured 20 ms after the stimulus onset. 20 ms is much longer than the characteristic equilibration time of the channel opening, which is 0.5 ms at the membrane potential corresponding to the peak Ca 2+ current in IHCs (18) . Thus, the assumption of stationarity is justified. However, "averaging out" the fluctuations of Ca 2+ concentration due to opening and closing of the presynaptic Ca 2+ channels may still substantially influence the results, if channel gating is not sufficiently fast 17 . To check this averaging assumption we performed additional simulations where the build-up and decay of [Ca 2+ ] due to the channel gating was modeled explicitly as it was done in (2). We assumed a three state Markov model of the channel gating: C 1 O, k 1 = 1.78 ms −1 , k −1 = 1.37 ms −1 . Vesicle fusion followed the kinetic model proposed by (19) . All the m = 1.7. For scenario M1, the differences were not larger than 4 nm, which is still small compared to the absolute values of R N * ,m Ca, 12 . Thus, at least for the considered active zone topographies, m does not affect value of R c considerably. 17 By speed of channel gating we mean the closing and opening rates of the channel.
kinetic parameters of vesicle fusion were set to the original values except that k on was reduced four times in order to reproduce reasonable m and ΔC m values. Vesicle replenishment was treated as a single step process with a fixed rate k rep = 0.13ms −1 . Other relevant details of the simulation procedure are reported in (2) . Using the aforementioned model to calculate Δ rel.,Σ and its dependence on [Ca 2+ ] , we estimated the coupling distance R c in the same way which was discussed in the last paragraph of section 8.4. The corresponding values of R c for scenarios M1, M2, and M3 were 37 nm, 27 nm, and 14 nm, respectively. This is in a very good agreement with the estimates of R c that were achieved by ignoring the fluctuations of [Ca 2+ ] due to the [Ca 2+ ] channels closing and opening. This result lets us conclude that, for active zone topographies and the kinetic parameters considered in this work, the channel gating noise does not considerably affect the estimation of R c .
